Root carbon consumption and grain yield of spring wheat in response to phosphorus supply under two water regimes  by GUAN, Yu et al.
Journal of Integrative Agriculture  2016, 15(7): 1595–1601
RESEARCH  ARTICLE
Available online at www.sciencedirect.com
ScienceDirect
Root carbon consumption and grain yield of spring wheat in response 
to phosphorus supply under two water regimes
GUAN Yu1, 2, QIAO Zhen2, DU Jiu-yuan3, DU Yan-lei2 
1 Department of Resource and Environmental Science, Agronomy College, Shihezi University, Shihezi 832000 P.R.China
2 State Key Laboratory of Grassland Agro-ecosystem, Institute of Arid Agroecology, School of Life Sciences, Lanzhou University, 
Lanzhou 730000, P.R.China
3 Institute of Wheat, Gansu Academy of Agricultural Sciences, Lanzhou 730070, P.R.China
Abstract
In semiarid areas, cereal crops often allocate more biomass to root at the expense of aboveground yield.  A pot experiment 
was conducted to investigate carbon consumption of roots and its impact on grain yield of spring wheat (Triticum aestivum 
L.) as affected by water and phosphorus (P) supply.  A factorial design was used with six treatments namely two water 
regimes (at 80–75% and 50–45% field capacity (FC)) and three P supply rates (P1=0, P2=44 and P3=109 µg P g–1 soil). 
At shooting and flowering stages, root respiration and carbon consumption increased with the elevate of  P supply rates, 
regardless of water conditions, which achieved the minimum and maximum at P1 under 50–45% FC and P3 under 80–75% 
FC, respectively.  However, total aboveground biomass and grain yield were higher at P2 under 80–75% FC; and decreased 
with high P application (P3).  The results indicated that rational or low P supply (80–75% of field water capacity and 44 mg 
P kg–1 soil) should be recommended to improve grain yield by decreasing root carbon consumption in semiarid areas.
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natural and agricultural system (Wan et al. 2013; Guo and 
Li 2014).  In addition, soil nutrients are easily oxidized and 
lost due to poor soil aggregate structure, resulting in poor 
nutrient availability or nutrient imbalances thus unsatisfying 
crop growth requirements (Zhou et al. 2012).
Plants prefer to allocate a greater proportion of carbon to 
the root system in cases of limited resources (Poorter et al. 
2012; Fan et al. 2015), which fits with the ‘functional equilib-
rium’ theory that plants adjust the allocation of biomass to 
roots and shoots depending on the environment (nutrition, 
water and light) (De Willigen and Van Noordwijk 1987).  In 
semiarid areas, crops tend to evolve large root systems 
with increased surface area and volume for acquiring more 
resources, such as water and nutrients (Zhang et al. 1999; 
Fang et al. 2010); however, the large root system aggra-
vates excess consumption of photosynthesis assimilates 
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In semiarid areas, crop yields are usually reduced by low 
water and nutrient availability.  In the Loess Plateau of Chi-
na, total annual precipitation is varying from 200 to 700 mm. 
These conditions significantly restrict the productivity in 
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and soil water which is unfavorable to grain production 
(Ma et al. 2008, 2010).  Passioura (1983) proposed that if 
carbon consumption of roots decreased, crops under water 
stress will maintain a positive carbon balance and more 
assimilates will be released for grain production.  Du et al. 
(2012, 2013) has found that the new breeding spring wheat 
cultivar in Loess Plateau with small root size benefit its grain 
yield under drought condition.  However, information on the 
relationship between carbon consumption and grain yield 
of spring wheat under limited water and phosphorus (P) 
supply-condition is till meager.
In order to increase grain yields in water-limited areas, 
regulating carbon allocation of crops through optimizing wa-
ter and P management is very important.  A pot experiment 
with spring wheat (Triticum aestivum L.) was conducted to 
determine (i) the response of carbon consumption of wheat 
roots to different water and P treatments; (ii) the different 
impacts of water and P on wheat yield and water use effi-
ciency; and (iii) the relation of carbon consumption of roots 
and grain yield.
2. Materials and methods 
2.1. Experimental conditions
The experiment was conducted at the Yuzhong Experimental 
Station of Lanzhou University in Yuzhong County in China 
(35°51´N, 104°07´E, altitude 1 620 m above sea level) from 
March to July of 2007.  The experimental site was repre-
sentative of the semi-arid climate in northwestern China, 
with 329 mm rainfall, 1 703 mm evaporation, 14.2°C mean 
temperature, and 58% relative humidity during the growing 
season.  The spring wheat cultivar Longchun 8275 was 
used in the present experiment, which was widely adapt-
ed in the semiarid regions of the Loess Plateau of China. 
Each non-drained plastic pot (260 mm diameter×300 mm 
high) was filled with 8.5 kg 1:5.2 (v/v) mixture substrate of 
vermiculite and loess soil (Calcic Kastanozems, FAO).  In 
order to avoid or decrease the impact of soil original P, the 
soil was collected from 2 m below ground.  The soil was a 
loess-like loam with a pH of 8.3, inorganic N of 0.10 µg g–1 
soil, available P of 3.5 µg g–1 soil, K of 86.9 µg g–1 soil and 
organic matter of 6.2 g kg–1.  Mixture substrates were air 
dried and passed through a 2-mm sieve.  Before sowing, 
N (2.54 g N as NH4NO3) and K (2.91 g K as K2SO4) were 
applied to each pot so that the nutrition was not limited. 
Phosphorus added as Ca(H2PO4)2·H2O was ground to pow-
der, mixed with the above mentioned mixture substrate in 
an end-over-end shaker and applied to the soil in rates of 
0 (P1), 44 (P2) and 109 (P3) μg P g–1 dry soil.  Twenty-five 
seeds were sown in each pot on late March, and thinned to 
16 plants after germination.  After thinning, all plants were 
irrigated on a daily basis with deionized water to maintain 
the soil moisture content at 80–75% field capacity (FC) until 
commencement of further water treatments.  Water treat-
ments were imposed from trefoil stage to maturity at 80–75% 
and 50–45% FC, respectively.  The experiment comprised 
of 54 pots in total (three replications for each water and P 
fertilizer combination at three harvest stages) and plants 
were grown in a rainout shelter (50 m long×24 m wide×5.7 m 
high) that was closed during rain events.  Additionally, 18 
pots without planting (three replications for each water and 
P fertilizer combination treatment) were used to measure 
soil microbial respiration.
2.2. Data sampling
Plant height and total leaf areas were measured at shooting 
(55 days after sowing (DAS)) and at flowering (71 DAS).  The 
length and width of individual leaves of two plants in each 
pot was recorded to calculate the total leaf areas per plant. 
Total leaf areas per plant is the sum of individual leaf area, 
which was calculated as:
Leaf area=Length×Width×0.83
After measuring plant height and total leaf areas, the plant 
and soil were harvested destructively to determine carbon 
consumption of root.  According to Kelting et al. (1998), a 
combination of excised-root respiration method and basal 
respiration method was used to estimate three components 
of whole-soil respiration. Shoots were cut off at soil level 
before root respiration measurements.  After excision, all 
roots were taken out and immediately measured using an 
infrared gas analyzer (LI-6400, Li-Cor, Inc., Lincoln, NE, 
USA) for total soil respiration (Rtotal, mg CO2 m
–2 h–1).  The 
roots were hand-washed to remove soil debris, blotted dry 
to remove surface water and placed into a cuvette in a 
temperature-controlled room (25°C) to equilibrate 30 min, 
and then measured for root respiration (Rroot, mg CO2 plant
–1 
h–1).  To account for soil microbial respiration (Rmic, mg CO2 
plant–1 h–1), the gas fluxes from bare soil were measured. 
Rhizosphere microbial respiration (Rrhizo, mg CO2 plant
–1 h–1) 
was calculated as: 
Rrhizo=Rtotal–Rroot–Rmic 
After respiration measurements, root tissue was dried 
and weighed for assessing root dry mass.  The specific root 
respiration and specific rhizosphere microbial respiration 
(mg CO2 plant
–1 h–1 g–1) were defined as CO2 generated by 
root respiration and rhizosphere microbial respiration per 
unit root dry mass and per unit time, respectively.
The soil CO2 effluxes was sampled during 09:00–11:30 
a.m. because soil respiration rate during this time interval 
was reported to be close to daily means and not changed 
(Janssens et al. 1998; Tang et al. 2006). 
The belowground carbon allocation of crops (Ctotal) mainly 
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has three components including root respiration, exudation, 
and biomass architecture (Kelting et al. 1998). Carbon 
consumption of root respiration (Cres, mg d
–1 plant–1) was 
calculated as: 
Cres=0.32×Rroot×0.273 
Where, 0.273 is the molecular weight percentage of C 
in CO2. 
According to Helal and Sauerbeck (1986), the utilization 
rate of root exudation by the rhizosphere microbial was 
15%.  So carbon consumption of root exudation (Cexu, mg 
d–1 plant–1) was calculated as: 
Cexu=0.32×Rmic×0.273/0.15 
Carbon consumption of root biomass architecture (Cmass, 
mg d–1 plant–1) was calculated as: 
Cmass=ΔM/ΔT×0.38 
Where, ΔM is denoted as the difference of root dry 
biomass between two sampling date, and ΔT is denoted at 
time interval between two sampling dates (McCree 1986).
2.3. Yield formation
Whole plants were harvested at physiological maturity 
(~114 DAS), as determined by the complete loss of green color 
from the glumes.  The plants were divided into grain, shoots 
(including leaves and husks), and then dried at 70°C for 72 h 
to constant weight.  Water use efficiency for grain yield 
(WUEG) was calculated as grain yield/ water use from 
sowing to maturity. 
2.4. Statistical analysis
Analysis of variance (ANOVA) was used to assess the effect 
of P and water supply to root carbon consumption and grain 
yield of spring wheat.  Treatment effects were determined by 
least significant difference at P<0.05.  All statistical analyses 
were performed using the statistical package SPSS 13.0 
(SPSS Institute, Chicago, IL).
3. Results
3.1. Root respiration and rhizosphere microbial 
respiration 
Root respiration (Rroot) of all treatments increased from 
shooting to flowering stages ranged from 4.50 to 8.61 mg 
CO2 plant
–1 h–1 (Table 1).  At the shooting stage, Rroot un-
der 80–75% FC were significantly higher than that under 
50–45% FC, the highest value was 6.47 mg CO2 plant
–1 h–1 
with P3 under 80–75% FC.  The same trend was also ob-
served at the flowering stage; the highest value was 8.61 mg 
CO2 plant
–1 h–1 at P3 under 80–75% FC. 
Rhizosphere microbial respiration (Rrhizo) of all treatments 
was also increased from shooting to flowering stages, ranged 
from 0.06 to 0.24 mg CO2 plant
–1 h–1 (Table 1).  At the shooting 
stage, Rrhizo under 80–75% FC were significantly higher than 
those under 50–45% FC, the highest value was 0.24 mg CO2 
plant–1 h–1 with P3 under 80–75% FC.  At the flowering stage, 
water supply had no significant effect on Rrhizo. 
The results of specific root respiration rate and specif-
ic rhizosphere microbial respiration rate with treatments 
were shown in Fig.1.  At the shooting stage, the specific 
root respiration under 80–75% FC were significantly lower 
than those under 50–45% FC regardless of P rates.  At the 
flowering stage, there was no significant difference among 
treatments (Fig. 1-A).  The specific rhizosphere microbial 
respirations under 80–75% FC were always significantly 
lower than those under 50–45% FC regardless of P rates 
at both shooting and flowering (Fig. 1-B).
3.2. Root carbon consumption
Except of carbon consumption of root biomass architecture 
(Cmass), total carbon consumption of root (Ctotal), carbon con-
sumption of root respiration (Cres), and root exudation (Cexu) 
increased from shooting to flowering stage (Table 2).  At the 
shooting stage, 51–54% of total carbon was consumed by 
root respiration, 3–11% was consumed by root exudation, 
and 39–46% was consumed by root biomass.  At the flow-
ering stage, 72–83% of total carbon was consumed by root 
respiration, 16–23% was consumed by root exudation, and 
0–10% was consumed by root biomass. 
Water supply did not significantly influence Ctotal at the 
shooting stage.  Under 50–45% FC, Ctotal at P3 was signifi-
cantly higher than other treatments.  Under 80–75% FC, 
Ctotal at P3 was significantly higher than at P1.  The highest 
Ctotal (5.82 mg day
–1 plant–1) was observed under 80–75% 
FC at P3.  At the flowering stage, Ctotal under 80–75% FC 
were markedly higher than those under 50–45% FC.  P 
supply had a similar effect on Ctotal as what observed at the 
shooting stage.  
Table 1  Spring wheat root respiration (Rroot, mg CO2 plant–1 h–1) 
and rhizosphere microbial respiration (Rrhizo, mg CO2 plant
–1 h–1) 
at different water treatments and phosphorus rates (µg g–1) at 
shooting and flowering stages 
Water treatment P rates
Shooting stage Flowering stage
Rroot Rrhizo Rroot Rrhizo
80–75% 0 5.61 a 0.17 b 8.04 b 0.20 a
44 6.23 a 0.21 ab 8.20 a 0.22 a
109 6.47 a 0.24 a 8.61 a 0.24 a
50–45% 0 4.50 c 0.06 c 6.21 c 0.15 b
44 5.02 b 0.10 c 8.12 b 0.21 a
109 6.05 a 0.07 c 8.53 a 0.24 a
Values within a column followed by the same letters do not differ 
at P<0.05.  The same as below.
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3.3. Plant height and leaf area
At the two growing stages, both water and P supply sig-
nificantly increased plant height and total leaf areas.  The 
highest value was observed at P3 under 80–75% FC at the 
flowering stage (Table 3). 
3.4. Grain yield, aboveground biomass and water 
use efficiency  
Grain yields with P1 treatment were markedly higher than 
other P treatments under the two water supply conditions 
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Fig. 1  The specific root respiration rate (A) and specific rhizosphere microbial respiration rate (B) of spring wheat with different 
water treatments and phosphorus rates at shooting and flowering stages.  Mean values followed by the same letters are not 
significantly different at P<0.05.  Bars mean SE.
Table 2  Spring wheat carbon consumption of root respiration (Cres, mg d–1 plant–1), root exudation (Cexu, mg d–1 plant–1), root biomass 
architecture (Cmass, mg d
–1 plant–1), and total carbon consumption of root (Ctotal, mg d
–1 plant–1) with different water treatments and 
phosphorus rates (µg g–1) at shooting and flowering stages 
Water treatment P rates
Shooting stage Flowering stage
Cres Cexu Cmass Ctotal Cres Cexu Cmass Ctotal
80–75% 0 2.82 a 0.14 b 2.50 ab 5.46 b 16.36 b 3.33 c 1.18 b 20.87 b
44 2.93 a 0.23 b 2.43 b 5.59 ab 17.76 ab 3.95 b 1.76 ab 23.47 ab
109 3.01 a 0.17 b 2.64 a 5.82 a 18.28 a 4.65 a 2.49 a 25.42 a
50–45% 0 2.19 b 0.46 a 1.68 d 4.33 b 12.79 d 3.19 c –0.59 c 15.39 d
44 2.85 a 0.49 a 1.94 c 5.28 b 14.64 c 4.35 ab –0.23 c 18.76 c
109 2.98 a 0.55 a 2.27 b 5.80 a 16.89 b 4.6 a 0.06 c 21.55 b
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(38.7 g pot–1) was recorded at P2 at 80–75% FC, which 
was 2.5 times as many as that under 50–45% FC at P1 
(15.3 g pot–1).
Similar trends of treatment effects were found on abo-
veground biomass.  Both water and P supply significantly 
increased aboveground biomass.  The treatment of 80–75% 
FC at P2 had the highest value.
Water use efficiencies calculated in terms of grain yield 
tended to decrease as soil water deficit increased (Table 4). 
P markedly affected water use efficiency only under 80–75% 
FC.  The highest value consistently occurred under 80–75% 
FC at P2.
4. Discussion
Rroot under 80–75% FC were significantly higher than those 
under 50–45% FC (Table 1), which supported the opinion 
that higher soil water content could ultimately result in great-
er root respiration rate (Gansert 1994; Bouma et al. 1997; 
Huang and Gao 2000).  Rrhizo at P1 was significantly lower 
than at P3, which suggested that the supply of P affected 
Rrhizo.  According to Merckx et al. (1987), the microbial growth 
in the rhizosphere was directly affected by the depletion of 
mineral nutrients.  In the present study, P supply was benefit 
for the growth of rhizosphere microorganism, so Rrhizo was 
enhanced.
More than 50% of photosynthetic product was consumed 
by root respiration, 51–54% at the shooting stage and 
72–83% at the flowering stage (Table 2), which is similar 
to previous findings under soil drying conditions (Lambers 
et al. 1996; Liu et al. 2004, 2006).  A possible explanation is 
that more energy was needed for root maintenance rather 
than root system constructing (McCree 1986). 
Passioura (1983) found that plants would produce a 
large root system when soil water was limited. It was also 
evidenced that the alfalfa (Fan et al. 2005) and wheat (Song 
et al. 2009; Du et al. 2012, 2013) prefer to allocate more dry 
mass to root under water and/or P deficiency.  The relative 
larger root system will contribute to their water and nutrient 
uptake according to “functional equilibrium” theory (De Willi-
gen and Van Noordwijk 1987).  In order to maintain the large 
root system, more assimilates would be allocated to root 
resulted in an increase of root carbon consumption.  But in 
the present study, Ctotal under drought stress condition were 
lower than those under ample water condition.  The highest 
Ctotal (25.42 mg d
–1 plant–1) was observed under 80–75% FC 
at P3, which indicated that combination of ample water and 
P application had a positive effect on improving the vigor 
of root growth.  Therefore, spring wheat under 80–75% FC 
at P3 might allocate more assimilates to the root system, 
which was unfavorable to the improvement of grain yields. 
At the flowering stage, negative values of Cmass were 
observed under 50–45% FC at P1 and P2.  The decrease 
might attribute to assimilates transportation from root bio-
mass to aboveground biomass.
Plant height and total leaf area increased with the eleva-
tion of water and P (Table 3), which suggested that spring 
wheat responded to the deficit of water and P by reducing 
plant height and leaf area.  Nutrient and water limitations 
might change leaf morphology and biomass allocation.  In 
order to adapt stress, plants under water stress will inhibit 
shoot growth to reduce water loss by transpiration (Blum 
Table 3  Spring wheat plant height (cm) and leaf area (cm2 plant–1) with different water treatments and phosphorus rates (µg g–1) 
at shooting and flowering stages
Water treatment P rates
Shooting stage Flowering stage
Plant height Leaf area Plant height Leaf area
80–75% 0 36.9 b 98.9 c 49.0 b 55.7 c
44 34.5 b 124.8 b 42.8 c 69.8 b
109 40.9 a 136.5 a 71.5 a 85.6 a
50–45% 0 30.1 c 49.5 f 39.5 d 22.2 f
44 28.3 c 72.5 e 38.7 d 27.5 e
109 36.6 b 86.8 d 40.2 d 35.7 d
Table 4  Spring wheat aboveground biomass (g pot–1), grain number (spike–1), 1 000-kernel weight (g), grain yield (g pot–1), and 
water use efficiency (WUEG, g kg
–1) with different water treatments and phosphorus rates (µg g–1) at shooting and flowering stages
Water treatment P rates Aboveground biomass Grain number 
1 000-kernel 
weight Grain yield WUEG
80–75% 0 52.6 c 31.3 b 23.8 b 29.2 c 1.61 b
44 68.4 a 36.8 a 25.4 b 38.7 a 2.13 a
109 59.9 b 35.7 a 29.8 ab 34.9 b 1.92 a
50–45% 0 28.5 f 23.0 c 25.4 b 15.3 e 1.07 c
44 46.7 d 24.2 c 26.3 b 18.9 d 1.32 bc
109 39.9 e 23.5 c 31.4 a 14.4 e 1.01 c
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1996; Pace et al. 1999). 
Across the two water regimes, grain yield and abo-
veground biomass at P3 were notably reduced compared 
with those at P2 (Table 4).  However, total carbon consump-
tion of root at P3 was higher than that at P2 (Table 2).  Since 
P3 treatment provided a more suitable environment for root 
growth, carbon consumption of root increased and growth 
redundancy existed.  Zhang et al. (1999) considered that 
growth redundancy should be cut down to increase grain 
yield.  Any decrease in carbon consumption by the root 
system would potentially improve yields if the carbon was 
re-allocated to grains (Weiner 1990).  The P2 treatment 
decreased carbon consumption of root, which resulted in 
a higher proportion of the photosynthesis product being 
allocated to increase grain yield.  Previous studies had 
also shown that reducing the allocation of biomass to roots 
contributed to an increase in grain yield (Song et al. 2009; 
Qin et al. 2012).
P-based fertilizers have contributed significantly to 
increasing crop yields in the past century, but the positive 
effect of phosphate fertilizer seems to be limited in semiarid 
areas because of low level of water availability (Li et al. 
2001).  In the present study, the grain yield at P2 was 24% 
higher than at P1 under 50–45% FC; but under 80–75% 
FC, the percent increased to 33%.  The results suggested 
that drought stress reduced the ability of phosphorus to 
increase grain yield.  Song et al. (2010) concluded that the 
decline of drought stress would increase the availability of 
P, which could contribute to seedling growth and nutrient 
status.  Similar to the result of grain yield, the highest value 
of water use efficiency also occurred under 80–75% FC at 
P2, meaning that combination of sufficient water and ratio-
nal P application could make effective use of soil moisture.
5. Conclusion
This pot experiment showed that the water and P supply 
significantly increased total carbon consumption and grain 
yield of spring wheat.  Most assimilates allocated to root 
was consumed by root respiration.  Rational P supply-might 
contribute to grain yield by decreasing root carbon consump-
tion.  We recommend that rational resources combination 
(80–75% of field water capacity and 44 mg P kg–1 soil) 
would be the optimal condition to spring wheat seedling 
growth, but higher P and drought stress should be avoided. 
Further studies should be conducted in the field further to 
clarify the relation between root carbon consumption and 
yield performance.
Acknowledgements
This research was supported by the National Nature Science 
Foundation of China  (31300328, 31200335, 31470496), 
the “111” Program from State Administration of Foreign 
Experts Affairs (SAFEA) & Ministry of Education (MOE), 
China (2007B051), the Fundamental Research Funds 
for the Central Universities, China (lzujbky-2012-97, lzu-
jbky-2015-ct02, lzujbky-2016-86), and the funding from 
the State Key Laboratory of Grassland Agro-ecosystem in 
Lanzhou University, China.
References
Blum A. 1996. Crop responses to drought and the interpretation 
of adaptation. Plant Growth Regulation, 20, 135–148.
Bouma T, Nielsen K L, Eissenstat D M, Lynch J P. 1997. 
Estimating respiration of roots in soil: Interactions with soil 
CO2, soil temperature and soil water content. Plant Soil, 
195, 221–232. 
Du Y L, Wang Z Y, Fan J W, Turner N C, He J, Wang T, Li 
F M. 2013. Exogenous abscisic acid reduces water loss 
and improves antioxidant defense, desiccation tolerance 
and transpiration efficiency in two spring wheat cultivars 
subjected to a soil water deficit. Functional Plant Biology, 
40, 494–506.
Du Y L, Wang Z Y, Fan J W, Turner N C, Wang T, Li F M. 2012. 
β-Aminobutyric acid increases abscisic acid accumulation, 
desiccation tolerance and decreases water use but fails to 
improve grain yield in two spring wheat cultivars under soil 
drying. Journal of Experimental Botany, 63, 4849–4860.
Fang Y, Xu B C, Turner N C, Li F M. 2010. Does root pruning 
increase yield and water-use efficiency of winter wheat? 
Crop and Pasture Science, 61, 899–910.
Fan J W, Du Y L, Turner N C, Wang B R, Fang Y, Xi Y, Guo X 
R, Li F M. 2015. Changes in root morphology and physiology 
to limited phosphorus and moisture in a locally-selected 
cultivar and an introduced cultivar of Medicago sativa L. 
growing in alkaline soil. Plant and Soil, 392, 215–226.
Gansert D. 1994. Root respiration and its importance for the 
carbon balance of beech saplings (Fagus sylvatica) in a 
mountain beech forest. Plant Soil, 167, 109–119.
Guo R Y, Li F M. 2014. Agroecosystem management in arid 
areas under climate change: Experiences from the Semiarid 
Loess Plateau, China. World Agriculture, 4, 19–29.
Helal H M, Sauerbeck D. 1986. Effect of plant roots on carbon 
metabolism of soil microbial biomass. Journal of Plant 
Nutrition and Soil Science, 149, 181–188.
Huang B, Gao H. 2000. Root physiological characteristics 
associated with drought resistance in tall fescue cultivars. 
Crop Science, 40, 196–203.
Janssens I A, Crookshanks M, Taylor G. 1998. Elevated 
atmosphere CO2 increases fine root production, respiration, 
rhizosphere respiration and soil CO2 efflux in Scots pine 
seedlings. Global Change Biology, 4, 871–878.
Kelting D L, Burger J A, Edwards G S. 1998. Estimating root 
respiration, microbial respiration in the rhizosphere, and 
root-free soil respiration in forest soils. Soil Biology and 
1601GUAN Yu et al.  Journal of Integrative Agriculture  2016, 15(7): 1595–1601
Biochemistry, 30, 961–968.
Lambers H, Atkin O K, Scheureater I. 1996. Respiratory patterns 
in root in relation to their function. In: Waisel Y, Eshel A, 
Kafkafi U, eds., Plant Roots: The Hidden Half. Marcel 
Dekker, New York. pp. 323–362. 
Li F M, Song Q H, Liu H S, Li F R, Liu X L. 2001. Effects of 
pre-sowing irrigation and phosphorus application on water 
use and yield of spring wheat under semiarid conditions. 
Agricultural Water Management, 49, 173–183.
Liu H S, Li F M, Jia Y. 2006. Effects of shoot removal and 
soil water content on root respiration of spring wheat and 
soybean. Environmental and Experimental Botany, 56, 
28–35.
Liu H S, Li F M, Xu H. 2004. Carbon consumption of roots 
and its relationship to yield formation in spring wheat as 
affected by soil moisture. Acta Phytoecologica Sinica, 28, 
191–197. (in Chinese)
Ma S C, Li F M, Xu B C, Huang Z B. 2010. Effect of lowering 
the root/shoot ratio by pruning roots on water use efficiency 
and grain yield of winter wheat. Field Crops Research, 115, 
158–164.
Ma S C, Xu B C, Li F M, Liu W Z, Huang Z B. 2008. Effects of 
root pruning on competitive ability and water use efficiency 
in winter wheat. Field Crops Research, 105, 56–63.
McCree K J. 1986. Measuring the whole-plant daily carbon 
balance. Photosynthetica, 2, 82–93.
Merckx R, Dijkstra A, Hartog A D, Veen J A. 1987. Production 
of root-derived material and associated microbial growth 
in soil at different nutrient levels. Biology and Fertility of 
Soils, 5, 126–132.
Pace P F, Cralle H T, El-Halawany S H M, Cothren J T, 
Senseman S A. 1999. Drought-induced changes in shoot 
and root growth of young cotton plants. Journal of Cotton 
Science, 3, 183–187.
Passioura J B. 1983. Roots and drought resistance. Agricultural 
Water Management, 7, 265–280.
Poorter H, Niklas K J, Reich P B, Oleksyn J, Poot P, Mommer 
L. 2012. Biomass allocation to leaves, stems and roots: 
meta-analyses of interspecific variation and environmental 
control. New Phytologist, 193, 30–50.
Qin X L, Niklas K J, Qi L, Xiong Y C, Li F M. 2012. The effects 
of domestication on the scaling of below - vs. aboveground 
biomass in four selected wheat (Triticum; Poaceae) 
genotypes. American Journal of Botany, 99, 1112–1117. 
Song C J, Ma K M, Qu L Y, Liu Y, Xu X L, Fu B J, Zhong J F. 
2010. Interactive effects of water, nitrogen and phosphor us 
on the growth, biomass partitioning and water-use efficiency 
of Bauhinia faberi seedlings. Journal of Arid Environments, 
74, 1003–1012.
Song L, Li F M, Fan X W, Xiong Y C, Wang W Q, Wu X B, Turner 
N C. 2009. Soil water availability and plant competition affect 
the yield of spring wheat. European Journal of Agronomy, 
31, 51–60.
Tang X L, Liu S G, Zhou G Y, Zhang D Q, Zhou C Y. 2006. 
Soil-atmospheric exchange of CO2, CH4, and N2O in three 
subtropical forest ecosystems in southern China. Global 
Change Biology, 12, 546–560.
Wan L, Zhang X P, Ma Q, Zhang J J, Ma T Y, Sun Y P. 2013. 
Spatiotemporal characteristics of precipitation and extreme 
events on the Loess Plateau of China between 1957 and 
2009. Hydrological Processes, 28, 4971–4983.
Weiner J. 1990. Plant population ecology in agriculture. In: 
Ronald Carrol C, Vandermeer J H, Rosset P M, eds., 
Agroecology. McGraw-Hill, New York. pp. 235–261.
De Willigen P, Van Noordwijk M. 1987. Roots, plant production 
and nutrient use efficiency. Ph D thesis, Wageningen 
Agricultural University, The Netherlands.
Zhang D Y, Sun G J, Jiang X H. 1999. Donald’s ideotype and 
growth redundancy: A game theoretical analysis. Field 
Crops Research, 61, 179–187.
Zhou L M, Jin S L, Liu C A, Xiong Y C, Si J T, Li X G, Gan 
Y T, Li F M. 2012. Ridge-furrow and plastic-mulching 
tillage enhances maize-soil interactions: Opportunities 
and challenges in a semiarid agroecosystem. Field Crops 
Research, 126, 181–188.
(Managing editor WANG Ning)
